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We propose and demonstrate a modular architecture for reconfigurable on-chip linear-optical cir-
cuits. Each module contains 10 independent phase-controlled Mach-Zehnder interferometers; several
such modules can be connected to each other to build large reconfigurable interferometers. With
this architecture, large interferometers are easier to build and characterize than with traditional,
bespoke, monolithic designs. We demonstrate our approach by fabricating three modules in the
form of UV-written silica-on-silicon chips. We characterize these chips, connect them to each other,
and implement a wide range of linear optical transformations. We envisage that this architecture
will enable many future experiments in quantum optics.
Integrated photonics is a promising platform for imple-
menting the large-scale mode transformations required
for optical quantum information processing. [1]. Pho-
tonic chips are more compact, more stable, and easier to
scale up to large sizes than alternative platforms such as
bulk optics. A wide range of quantum information pro-
tocols have thus been performed on-chip, using several
different materials and architectures [2–4]. In addition,
large integrated interferometric circuits have applications
beyond quantum information science in telecommunica-
tion and classical computing [5, 6]. To make full use of
these capabilities, the development of reconfigurable in-
tegrated devices that can be used for many applications
is highly desirable. In the same way that programmable
electronic chips have allowed for the development of mod-
ern computing, programmable optical chips are expected
to play an important role in the development of quantum
optics and photonics.
However, all the devices demonstrated to date are
monolithic and are designed for a fixed number of op-
tical modes. A chip designed to manipulate a large num-
ber of modes and complex interference may not be the
most appropriate for also handling a smaller number of
modes or simpler interference. Indeed, as device size in-
creases to handle more modes, so do optical loss, optical
crosstalk, and the complexity of characterizing all the
optical elements on a chip. In addition, fabrication toler-
ances become more stringent [7, 8], since a single faulty
component may jeopardize the correct operation of the
entire device.
In this work, we propose and demonstrate the use of
identical, flexible building blocks to compose interfero-
metric circuits of any size. Each of these blocks consists
of a column of Mach-Zehnder interferometers (MZI) with
phase shifters both internally and on the input arms, as
shown in fig. 1. Figure 2 illustrates how different modules
may be connected to construct a large interferometric cir-
FIG. 1. Three modules of our modular, reconfigurable quan-
tum circuits are connected to build a large and programmable
multiport interferometer with 20 inputs and outputs. This
three module device is glued to two fiber V-groove assemblies
and the phase shifters are controlled via electrical ribbon ca-
bles. The connectivity of the interferometer is determined by
the number of modules.
cuit. Each of these modules may be tested and character-
ized individually, and imperfections in the modules can
be mitigated by selecting those most suitable for a given
experiment. Individual chips can be added or removed
depending on the desired application.
In the following sections, we present our work on de-
signing, characterizing, and assembling modular devices
for use in quantum optics experiments. We first intro-
duce the general principles of our modular approach,
and discuss design considerations for the optical compo-
nents on these chips. We then describe their fabrication
method and our characterization results. Finally, we as-
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FIG. 2. A rendered impression of concatenated modular
chips. The phase shifters are shown in pink, and the waveg-
uide pitch has been exaggerated for clarity. Note that each
second chip is offset by one waveguide (127µm) to form a
multiport interferometer.
semble a three-chip device and demonstrate its use by
implementing a wide range of optical transformations.
MODULAR DESIGN
Our module consists of 10 tunable MZIs placed side
by side. These modules are intended to be tiled to
build larger interferometers. For example, as shown by
Clements et al. [9], N such modules each at least N/2
MZI wide suffice to perform an arbitrary unitary opera-
tion on N modes, with optimal circuit depth. Here, each
MZI acts as an arbitrarily reconfigurable beamsplitter,
with two phase-shifters acting as the tuning elements:
one internal phase setting the reflectivity and one ex-
ternal phase (either on the input or output) setting the
phase between elements. The modules are then inter-
laced, as shown in fig. 2, with the left-hand outputs of
one MZI fed into the right-hand inputs of the next layer
of MZIs to form the N mode unitary operation with N
modules.
A modular approach gives us several advantages over
monolithic designs. First, it is easier in practice to work
with individual layers of MZIs than it is to work with
a large interferometer. Optical characterization is sim-
pler when the modes can be addressed in small, discrete,
groups. Optimizing the fabrication of a single layer of
MZIs is also easier than optimizing that of an entire in-
terferometer. Furthermore, faulty components can be
replaced without compromising the entire structure.
Second, the modular approach provides experimental
flexibility due to reconfigurability. Many protocols in lin-
ear optics—such as quantum teleportation [2]—do not
require fully connected interferometers. For these appli-
cations, additional layers of MZIs are not necessary and
merely increase loss. On the other hand, as discussed
by Burgwal et al. [7], additional MZIs at the output
of a universal multiport interferometer can be used to
increase the fidelity of the overall transformation. Our
modular approach allows for the addition of these MZIs
if necessary. Alternatively, our approach also allows us
to implement the nested-MZI architecture proposed by
Miller [10] which, at the cost of additional beamsplitters,
allows for much higher fabrication error.
The downsides of using a modular approach are that
additional coupling steps are required, and that addi-
tional loss can occur in two ways: first, there is some
amount of interface loss between modules; and second,
the total length of waveguide in the device is unavoid-
ably lengthened to allow for the waveguides to match
at the interfaces. However, chip to chip coupling can
be automated. Furthermore, as the waveguides are fab-
ricated using the same process, the chips are very well
mode-matched. As we show later, in combination with
index-matched adhesive we can achieve very low coupling
losses.
COMPONENT DESIGN
Choice of platform
We choose UV-written silica on silicon as the platform
for our modular chips. This choice is motivated by the
exceptionally low coupling loss to fiber and propagation
loss that can be achieved with this platform [11]. They
are therefore compatible with many state of the art pho-
ton sources and detectors that are designed to be fiber
coupled. Furthermore, losses are a significant concern
for quantum optics experiments and must be minimized.
Moreover, UV writing does not require a lithographic
step, which allows for quick turnaround times from plan-
ning to production.
X-couplers
We use X-couplers [12] instead of the more typical
directional couplers. These X-couplers can be thought
of as the zeroth-order version of a directional coupler—
incoming light couples evanescently between the modes
for less than one-quarter of a sine wave while transiting
the device. Using these couplers instead of directional
couplers has several effects: first, the bandwidth is maxi-
mized for an evanescent device; second, the coupler has a
compact footprint due to the small coupling region; and
third, the device properties are defined primarily by the
3crossing angle of the two guides, improving fabrication
tolerances.
Thermo-optic phase-shifters
The final ingredient necessary to fabricate a fully tun-
able device using an MZI is two phase-shifters: one in-
side the MZI, and one on either the input or output
ports. The use of microheaters as such a phase shifter
is a tried-and-tested approach in integrated quantum op-
tics [4, 13]. Such phase shifters have high stability and
tuning range but a slow response on the order of mil-
liseconds. Nonetheless, this response allows the device
to be configured as required and remain at a fixed point
during operation, which is sufficient for many protocols
of interest.
In order to improve stability, both modes in each MZI
have a phase shifter attached (see fig. 2), and the total
amount of current passed through the two phase-shifters
is held constant, allowing for push-pull operation of the
phase: this increases the tuning range per unit length by
a factor of two, and also ensures that the total amount
of heat dissipated in each portion of the chip is constant,
greatly reducing cross-talk and improving stability.
FABRICATION
The silica glass layers are fabricated in-house by FHD
on a silicon wafer; a 15µm thermal oxide layer forms the
undercladding, onto which is deposited a 4µm core layer
doped with germanium and boron to promote photosen-
sitivity. This is followed by an 8µm boron and phospho-
rus doped upper cladding layer. Dopant levels in core
and cladding are adjusted to match the refractive index
profile to the thermal oxide.
Waveguides are directly written using a 244 nm
frequency-doubled Ar:Ion laser into this planar structure:
a focused UV beam is translated relative to the photo-
sensitive sample on precision air-bearing stages, produc-
ing buried channel waveguides. This technique allows
waveguides with relatively large modes well matched to
optical fiber to be produced, minimizing coupling losses
while reducing the required alignment tolerances between
modules. A key advantage of this technique is that it per-
mits the inscription of programmatically-controlled first-
order Bragg gratings during the waveguide writing pro-
cess, which may be written out-of-band to aid classical
characterization of each module.
To enhance the refractive index change the devices are
kept in a high-pressure hydrogen atmosphere for several
days; however due to outgassing of the hydrogen the max-
imum writing time per chip is limited to about an hour.
Thus, for time-limited fabrication techniques like ours a
further benefit of the modular architecture is that the
TABLE I. Typical measured parameters of interest for fabri-
cated modular chips, as determined from single-module char-
acterization, at an operating wavelength of 780 nm.
Fiber coupling loss 0.3±0.1 dB
Chip-chip facet loss 0.2±0.1 dB
Propagation loss 0.35± 0.04 dB/cm
Phase tuning range (2.7±0.2) pi rad
Coupling ratio 57±4%
Coupler excess loss 2.1± 0.3 dB
individual modules can be written serially, greatly in-
creasing the number of possible devices fabricable in our
laboratory.
The phase-shifters are patterned through contact
lithography and lift-off of a 170 nm e-beam evaporated
nichrome layer, while the wiring is a 200 nm copper layer
deposited in the same manner. Computer control of
the on-chip phase shifters was accomplished using cus-
tom drive electronics, producing an array of pulse-width-
modulated drive signals at up to 20 V with 8-bit resolu-
tion.
CHARACTERIZATION
After fabrication, the individual modules can be char-
acterized before assembly: both the fixed parameters set
by the particular fabrication run as well as the tuning
parameters of the phase-shifters must be found. This
characterization process is easier for our modular devices
than for monolithic circuits since each MZI can be ad-
dressed individually. The emission from the two output
ports of each MZI, as well as reflectance data from the
Bragg gratings embedded in the waveguides before, in-
side, and after the MZI, yield the parameters of interest:
the splitting ratios, excess loss of the couplers, an es-
timate of the facet loss, and the phase-shifters’ tuning
curves. The phase-shift of the other pair of couplers can
also be found either at this stage by inputting coher-
ent light on both inputs of an MZI or determined after
the modules are assembled. Table I shows typical values
for the parameters of interest measured this way for the
chips used here. Fiber to chip coupling losses are similar
to what has been demonstrated with recent on-chip quan-
tum experiments [4], but could still be improved. Chip
to chip coupling losses are low, as expected. However,
the coupler excess loss is particularly high, and the split-
ting ratios are quite far from the 50% that is required to
construct fully tunable MZIs. This is a fabrication issue
that will be corrected in future work.
We also find that our thermal crosstalk measurements
justify the use of our dual heater design. To measure
crosstalk, a MZI is placed close to its 50:50 point and
its outputs measured as settings of adjacent heaters were
varied. This is carried out both in the case of complemen-
4FIG. 3. Experimental results demonstrating the programmability of our three chip device. a) Our device can be configured
to act as a 1×6 switch. The six relevant phase shifter pairs that we use to program the switch are schematically represented
by red bars in the circuit. b) Bar plots of the six output intensities when the device is configured to switch the light towards
a given output, for all six possible outputs. c) Our device can also be configured to act as a balanced 3 × 3 interferometer (a
tritter) using the four phase shifter pairs shown in this circuit. d) Bar plots of the three output intensities for all three inputs
when the device is configured as a tritter.
tary heating and with one heater in each pair disabled.
We find that when achieving a pi phase shift on the target
MZI, our dual heaters induce a crosstalk of about 0.01pi
to the neighboring MZI and of 0.007pi to the next-nearest
MZI, whereas using a single phase shifter to achieve the
same phase shift induces about twice as much crosstalk.
EXPERIMENTAL RESULTS
To perform a demonstration of these devices, we as-
semble three of the modular chips, as shown in Fig. 1.
Three chips is the minimal number that we can use to
demonstrate a 3 × 3 universal multiport interferometer:
a device that can realize any linear transformation be-
tween the input and output optical channels. Further-
more, for future applications in linear optics, three chips
is the number that is required to perform quantum tele-
portation [2], which is an important building block of lin-
ear optical quantum information schemes [14]. We show
that our assembly can implement a wide range of useful
optical transformations.
As a first demonstration of our three chip assembly, we
show that light from one input can be switched to any
of its six available outputs. The procedure for doing so
is straightforward. We send light into the input, moni-
tor the output that we seek to switch the light into, and
sequentially optimize the MZIs on each chip along the
path to that output to maximize the measured power.
Our results are shown in Fig. 3b. We see that our chip
assembly successfully routes most of the light to the de-
sired output, for all six outputs. However, some leakage
does occur, which may originate from both the imper-
fect splitting ratios of the beam splitters and some light
recoupling into the waveguides after being lost.
Next, we show that our chip assembly can implement
a balanced 3× 3 interferometer, also known as a tritter.
Tritters can be used for fundamental studies of quantum
interference [15], as well as for classical photonics appli-
cations. We use a self-configuring approach to implement
a tritter [10], which does not require detailed prior char-
acterization of the phase shifters. Our results are shown
in Fig. 3d. We see that the light is indeed equally split
between all output ports.
More generally, we also demonstrate that our chip as-
sembly implements a 3×3 universal multiport interferom-
eter. We follow the the algorithimic method of Clements
et al [9]. We first fully characterize the 2 × 2 transfor-
mations implemented by the relevant MZIs and phase
shifter for all of their phase shifter settings using an au-
tomated procedure. We then randomly select a 3 × 3
unitary matrix U to be implemented with our device.
We perform a decomposition procedure on U that yields
the correct phase shifter settings [9], which we program
into our device. To test the performance of this protocol,
we then measure the 3× 3 transfer matrices correspond-
ing to all 9 input-output relations, which we normalize
to remove the effect of loss. We repeat this process for
50 randomly selected unitary matrices and experimen-
tally measure the transfer matrices for all of them. We
5compare these transfer matrices to the targeted trans-
formations and find an average transformation fidelity of
97.5%, which shows that our implementation of a univer-
sal multiport interferometer is successful.
CONCLUSION
We have designed and fabricated a modular system for
implementing interferometers of arbitrary size. This sys-
tem is easier to characterize than a monolithic interfer-
ometer, as individual elements can be interrogated, and a
single out-of-spec component can simply be replaced. In
addition, our particular implementation of the modular
system is fabricated with fiber-compatible silica waveg-
uides, reducing loss both at the internal and external in-
terfaces to quantum-compatible tolerances; we addition-
ally used push-pull phase-shifters, which substantially re-
duce crosstalk between neighboring devices. Going for-
ward, these devices will be used to implement a wide
range of quantum interferometric protocols.
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